Electronic Version 
Stylesheet Version vl.1.1 

Description 



SCAN CHAIN MODIFICATION FOR 
REDUCED LEAKAGE 

Background of Invention 

1. Field of Invention 

[0001] This invention relates to circuit improvements, and more 
particularly to methods and circuits for reducing leakage 

currents in circuits. 

2. Relevant Background 

[0002] a strong correlation has been shown to exist between the 
input vector applied to a logic cell and the leakage current 
through it. For example, for a 2-input static AND cell, it 
has been reported that the total drain to source leakage 
current when both the inputs are at logic 1 is 50 times 
greater than when the inputs are at logic 0. 

[0003] As process technologies continue to scale, leakage power 
becomes an increasingly important part of the total power 
dissipation of the chip. This is as threshold voltages and 



gate lengths are reduced in finer geometry processes, 
leading to increased leakage current. In addition, with sig- 
nificant gate oxide scaling, leakage current starts to occur 
through the transistor gates. Leakage power is especially 
crucial in portable devices, such as cell phones, where it 
can directly affect the operating time before which the de- 
vice needs to be recharged. 

[0004] one solution that has been proposed is to determine 

whether a logic 1 or logic 0 value at the gate of a particu- 
lar device is likely to minimize leakage of the device. 
Then, a vector is loaded into the latches of the circuit 
where leakage power dissipation is to be minimized. 
Thus, the latches apply a logic 1 or logic 0 value, as 
needed. This may be, for example, in response to a 
"standby" signal applied to or generated by the circuit. 

[0005] As integrated circuits become increasingly complex, 

mechanisms for testing have been designed into the cir- 
cuits. A typical testing mechanism is a "scan-chain". A 
scan chain typically includes a linked set of flip-flops, and 
usually, serially provided data is introduced into a flip- 
flop at one end of the chain and is clocked sequentially 
into the scan chain, over a number of clock cycles. The 
scan chain applies the test input (Tl) data to various circuit 



elements, which produce a known output if operating cor- 
rectly. If an output other than the expected known output 
is produced, an error in the circuit is indicated. The set of 
Tl data that is clocked into the scan chain is often referred 
to as a vector, and, more particularly, is referred to herein 
as a test vector. 

[0006] The flip-flops are configurable to accept either the test 

vector in a test mode or data in a normal operating mode. 
Thus, a test enable (TE) signal is accepted by the flip-flops 
of the scan chain to essentially multiplex either the test 
vector or the actual data for application to the circuit. 

[0007] Another technique to reduce leakage power is to use large 
shut-off transistors which are provided to the power 
source. This technique requires significant layout over- 
head and also leads to power supply integrity issues. 
Summary of Invention 

[0008] one of the advantages realized by the invention is that by 
using the existing scan chain in the design, no modifica- 
tions need to be made to the flip-flops or latches in the 
design. This means that there is no timing impact on the 
critical paths. 

[0009] Another advantage of the invention is that no extra area 
or power overhead is required by having to use more 



complex flip-flops or latches, which were required by the 
prior art. 

[0010] still another advantage of the invention is that by not 

routing the sleep signal (also referred to as the "standby" 
signal) to each flip-flop, area penalties are avoided, as 
well as routing congestion and power dissipation in the 
design. 

[001 1] These and other objects, features and advantages of the 
invention will be apparent to those skilled in the art from 
the following detailed description of the invention, when 
read in conjunction with the accompanying drawings and 
appended claims. 

[0012] The method and circuits of the invention provide a mech- 
anism by which a set of low leakages vectors can be ap- 
plied to a circuit when its inputs are not changing. The 
idea is that during the sleep period a set of low leakage 
vectors are loaded into the flip-flops of the design by us- 
ing the scan chain (after which the clock signal provided 
to the flip-flops can be shut off.) While some extra power 
is dissipated in loading the low leakage signals it should 
be remembered that even if the sleep period lasts several 
seconds, it could represent many billions of clock cycles. 
Across so many cycles the power dissipated in loading the 



low leakage vectors would pale in insignificance compared 
to the total leakage power. 
[0013] Thus, according to a broad aspect of the invention, a cir- 
cuit is presented that includes scan chain elements to 
contain a vector for selective application to circuit ele- 
ments of the circuit. A vector memory contains a configu- 
ration vector which, when applied to the circuit elements, 
configures the circuit elements into a state in which a 
leakage current is reduced. A multiplexer selects the con- 
figuration vector for loading into the scan chain elements, 
and a clock generator clocks the configuration vector into 
the scan chain elements. In one embodiment, a sleep 
mode detector is provided to configure the multiplexer to 
select the configuration vector and to operate the clock 
generator to clock the configuration vector into the scan 
chain elements when a sleep mode of the circuit is de- 
tected. 

[0014] According to another broad aspect of the invention, a 
method is presented for reducing leakage currents in a 
circuit. The method includes clocking a configuration vec- 
tor into scan chain elements for application to circuit ele- 
ments within the circuit. The configuration vector config- 
ures the circuit elements into a state in which leakage 



currents are minimized. In one embodiment, the method 
includes detecting a sleep mode, and in response thereto 
performing the clocking. In another embodiment, the 
method also includes turning off clock pulses to the scan 
chain elements after the configuration vector has been 
applied to the circuit elements. 
[0015] According to still another broad aspect of the invention, a 
method for reducing leakage currents in a circuit is pre- 
sented. The method includes determining a vector having 
first states which if applied to circuit elements of the cir- 
cuit results in lower leakage currents than second states, 
detecting an operating mode of the circuit, such as a 
sleep or standby mode, and clocking the vector into scan 
chain elements of the circuit for application thereby to the 
circuit elements when the operating mode is detected. In 
one embodiment, the method also includes turning off 
clock pulses to the scan chain elements after the vector 

has been applied to the circuit elements. 
Brief Description of Drawings 

[0016] The invention is illustrated in the accompanying drawing, 
in which: 

[0017] Figure 1 is an electrical schematic diagram of a circuit 

having a scan chain test capability together with a leakage 



current reduction circuit, in accordance with a preferred 

embodiment of the invention. 

[0018] And Figure 2 is a state diagram showing an example of 

various states that may be assumed by a state machine in 

performing a method for reducing leakage currents in a 

circuit, in accordance with a preferred embodiment of the 

invention. 
Detailed Description 

[0019] one embodiment 10 of the invention is shown in Figure 1, 
to which reference is now made. A preferred embodiment 
of the invention is particularly useful in conjunction with 
circuit or design 12 in which a scan chain test circuit 14 is 
already associated. In those circuits the scan-chain 14 is 
re-used to supply low leakage vectors to the flip-flops 
(not shown) of the circuit 12. That is, in addition to re- 
taining the original test uses for the scan chain 14, the 
scan chain 14 is additionally used to contain a vector that 
reduces the leakage currents in the circuit elements of the 
circuit 12, in a manner below described in detail. 

[0020] a typical scan chain 14 may include a large number of 
flip-flops; however, the scan chain shown includes only 
two flip-flop elements 16 and 18, for brevity, it being un- 
derstood that many such flip-flop elements may be in- 



eluded in the scan-chain 14. The two scan-chain elements 
16 and 18 shown are the same elements that would pre- 
exist in association with the circuit 12 with which the in- 
vention is employed. Typically, each flip-flop includes a D 
(data-in) input to which data is applied in normal opera- 
tion, a Tl (test-in) input to which a test vector is applied in 
test mode, and a TE (test-enable) input which controls the 
input to the flip-flop to be either the D input or the Tl in- 
put. Thus, in normal testing operations, the scan-chain 14 
is controlled by the TE signal 20, which controls whether 
the Tl input 22 or standard D input 24 is loaded into each 
scan-chain flip-flop 16,18. 

[0021] | n the circuit embodiment 10 shown, when a sleep or 

standby mode signal occurs, the scan-chain 12 is enabled 
by a LLE (low leakage enable) signal 28 in place of the 
normal TE signal. This is implemented by a simple multi- 
plexer 30, which receives the Tl signal 20 on one input 
and the LLE signal 29 on another. The selection signal for 
the multiplexers 34 and 30, as well as the LLE signal 29, is 
controlled by a finite state machine (FSM) 36. 

[0022] Also, according to the invention, the data inputted into 
the flip-flops 16 and 18 of the scan chain 14 is an LLI 
(low-leakage input) vector 35, instead of, the Tl signal 22 



that is used during scan testing. The LLI vector may be 
variously referred to herein as a low leakage input vector, 
a configuration vector, or a power control vector. This se- 
lection is also implemented with a multiplexer 34, which 
receives the Tl signal 22 on one input and the LLI signal 
35 on another. 

[0023] Thus, a simple change at the input of the scan chain 14 
can allow the scan chain 14 to load low leakage vectors in 
addition to scan testing vectors. The process of loading 
the low leakage vectors begins once a sleep signal is re- 
ceived or generated. The sleep signal may be generated, 
for example, in known fashion. One technique for provid- 
ing the sleep signal may be, for example, on-chip, based 
on some time-out mechanism. Alternately, the sleep sig- 
nal could be provided from off-chip sources. Those 
skilled in the art will recognize other sleep or standby 
mode signal generation techniques. 

[0024] | n anv casGj once the sleep signal is received, the LLE sig- 
nal 28 is invoked for the desired scan chain elements 
16,18, and the LLI vector 35 is scanned or loaded there- 
into. The LLI vector 35 may be provided, for instance, 
from an on-chip memory device 37, from an off-chip 
source (not shown), or from another source. Generally, a 



control signal from the FSM 36 would initiate the delivery 
of the LLI vector 35, for example, by an enable signal on a 
line 26. 

[0025] The FSM 36 may be used to ensure that the LLI inputs are 
serially available once the LLE signal 28 is turned on or 
selected via multiplexer 30. Various states that may be in- 
cluded in the finite state machine 36 are exemplified in 
Figure 2, to which reference is now additionally made. The 
finite state machine 36 continually checks for a change of 
state of the sleep, or standby, mode signal, states 50 and 
52, and while the circuit is not in sleep mode, allows clock 
signals from the clock generator 40 to apply clock pulses 
to the flip-flops 16,18 via clock enable signal 38 applied 
to AND gate 42. 

[0026] Once a sleep mode is detected in state 52, the LLE signal 
is turned on, state 54. In order to ensure that the right 
vector values are placed in their corresponding scan-chain 
flip-flops 16,18, the LLE signal 28 must be activated for a 
number of cycles equal to the length of the scan chain 14 
into which the LLI vectors are to be scanned. Preferably, 
this would include the entire scan-chain 14, but in some 
applications, may include a sub-set of the scan-chain. 

[0027] Thus, the FSM 36 also receives (or generates) the sleep 



signal, and in response thereto controls the turn-on and 
turn-off of the LLE signal 35 by a signal on line 26. As 
mentioned, since different scan chain in the design are 
likely to have different chain lengths the FSM 36 must en- 
sure that each scan chain will be only active for a specific 
number of cycles. Accordingly, the finite state machine 36 
checks the number of clock pulses against the desired 
number of scan flip-flops into which the vector is to be 
clocked, state 56. After the low leakage vector, LLI, 35 has 
been loaded, the LLE signals for the scan chain are turned 
off, state 58. 

[0028] | n one embodiment of the invention, since there is no 

need to continue to clock the flip-flops 16,18 after the LLI 
vector 35 is loaded thereinto, the FSM controller 36 may 
then be used to send a clock gating signal 38 to the clock 
signals driving the scan chain flip-flops 16,18. In the em- 
bodiment shown, for example, the clock signals from a 
clock generator 40 , which normally clock the flip-flops 
16,18, are compared, for example, in an AND gate 42, 
with the normally high output 38 from the FSM 36, state 
60. When the clock gating signal 38 from the FSM 36 goes 
low once the LLI vector 35 has been clocked into the flip- 
flops 16,18, the clock signals are blocked from clocking 



the flip-flops 16,18 further. This may be performed in 
state 62, in which the sleep mode is again monitored to 
ensure that it is still turned off. If it remains off, the flip- 
flops 16,18 are not clocked. This will lead to further 
power savings. 

[0029] on the other hand, if the sleep mode is turned off, the 

state machine returns to state 50, removing the clock gat- 
ing signal 38, allowing the flip-flops 16,18 to once again 
be clocked. The FSM 36 can be modified to return to state 
50 (the sleep mode off state) during states 54, 56, 58 or 
60 if the sleep signal is deactivated. The actual implemen- 
tation will depend on the minimum length of sleep state 
possible. This is likely to be significantly longer than the 
number of clock cycles required to load the LLI vector if, 
for example, the PLL needs to powered up at the end of 
sleep. 

[0030] The particular values of the LLI vector 35 that are applied 
to the scan chain may be pre-computed, for example 
based upon heuristic data or other data known about the 
particular devices in the circuit 12 to which they will be 
applied. It is assumed that a fully automated flow mecha- 
nism will be provided by which a memory to hold the LLI 
vectors 35 and FSM 36 will be generated once the logic is 



known. This is necessary as the input vectors that cause 
minimal leakage current are strongly dependent on the 
logical structure of the module. 

[0031] Thus, it can be seen that the solution presented herein 

has at least two major advantages. First, by using the ex- 
isting scan chain in the design, no modifications need to 
be made to the flip-flops or latches in the design. There- 
fore, the use of the method and circuitry of the invention 
will have essentially no timing impact on the critical paths. 
Second, there is no extra area or power overhead in hav- 
ing to use more complex flip-flops or latches. By not 
routing the sleep or standby signal to each flip-flop, the 
area penalty, routing congestion and power dissipation in 
the design are avoided. 

[0032] Although the invention has been described and illustrated 
with a certain degree of particularity, it is understood that 
the present disclosure has been made only by way of ex- 
ample, and that numerous changes in the combination 
and arrangement of parts can be resorted to by those 
skilled in the art without departing from the spirit and 
scope of the invention, as hereinafter claimed. 



